In this paper, image formation under single-photon (1-p), two-photon (2-p) and three-photon (3-p) fluorescence imaging through turbid media which consist of different sized scatterers has been investigated in detail. It has been demonstrated that the size of scattering particles plays an important role in determining whether to use 1-p, 2-p, or 3-p excitation. For small scatterers, where Rayleigh scattering is dominant, multi-photon excitation provides significantly better resolution. Such improvement reduces dramatically for large scatterers, where Mie scattering becomes dominant. Another disadvantage of using multi-photon fluorescence excitation in highly scattered media is that penetration depth is limited by fast dropping of signal strength in deep tissue imaging. In this paper, we introduce a deconvolution method with a novel concept of the effective point spread function, which is effective in restoring the loss of imaging resolution caused by multiple scattering in a tissue medium.
Introduction
Imaging through tissue-like turbid media has been an active research area in the past decade because of its potential applications in non-invasive medical imaging and biomedical research [1] . The key problem associated with imaging through a turbid tissue medium is the strong scattering effect that severely degrades image quality. In order to overcome this problem, two-photon (2-p) fluorescence microscopy [2, 3] have been introduced, because of the reduction of the scattering effect by utilising an infrared laser beam. For the same reason, three-photon (3-p) fluorescence excitation is regarded as an even better solution because illumination light of a wavelength three times as long as that of single-photon excitation can be employed. However biological tissue is composed of a number of small scatterers such as bacteria, viruses, malignant cells and etc. The size of these scatterers varies from 0.1 µm to a few micrometers [4] . Therefore, the dominant scattering effect caused by these scatterers is Mie scattering rather than Rayleigh scattering. The physical difference between these two types of scattering is that the former is anisotropic scattering whereas the latter is isotropic scattering [5] . The strength of Rayleigh scattering is inversely proportional to the fourth power of the illumination wavelength. However, Mie scattering exhibits a more complicated nature. In this paper, we will demonstrated the effect of different sizes of scattering particles on the imaging performance of 1-p, 2-p, and 3-p fluorescence microscopy. An alternative solution to the problems involved in multi-photon fluorescence is also presented. Such a method is to recover resolution loss through mathematical reconstruction based on a novel concept of the effective point spread function [6] .
To demonstrate the imaging performance of 1-p, 2-p and 3-p fluorescence microscopy, we consider a turbid medium consisting of scattering particles suspended in water. A fluorescent bar can be excited under 1-p (λ 1 = 400 nm), 2-p (λ 2 = 800 nm) and 3-p (λ 3 = 1200 nm) excitation and the fluorescence wavelength is assumed to be 400 nm. In our Monte Carlo simulation model similar to the reported one [7] , the spatial coordinates x, y, z, and angular coordinates θ and ϕ are used to trace the position and direction of each photon. A parameter p is assigned to each photon to represent its weighting in signal strength.
In order to make a consistent comparison, it is assumed that the scattering mean-free-path length fluorescence wavelength (400 nm) is 5 µm. Due to the different wavelengths associated with 1-p excitation, 2-p, 3-p excitation and fluorescence, the scattering cross section σ s , the scattering mean-free-path (SMFP) length l s and the anisotropy value g are different. The calculated values of these parameters using Mie scattering theory [5] Table 1 : Calculated values of the scattering-mean-free-path length l s , and the anisotropy value g for polystyrene beads of diameter 0.202 and 2 µm at wavelengths 400 nm, 800 nm and 1200 nm, respectively. 
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1-p 2-P 3-p limited resolution can still be achieved under 3-p excitation. It should be pointed out that the SMFPL l s of 3-p illumination wavelength is much longer than that of 2-p illumination wavelength (Table 1) , and therefore the fluorescence light excited by ballistic light is still dominant at the depth of 200 µm under 3-p excitation.
A comparison of image resolution under 1-p, 2-p and 3-p excitation for turbid media consisting of scatters of diameter 2 µm shows that image resolution under multi-photon excitation is still superior than that under single-photon excitation; however the magnitude of the improvement is greatly reduced. The advantage of multi-photon excitation arises from two factors. Firstly, if an infrared laser beam is employed for multi-photon excitation, multi-photon fluorescence microscopy offers access to ultra-violet (UV) excitation without using UV lasers, and reduces Rayleigh scattering appreciably provided that the size of scatterers in tissue is much smaller than the illumination wavelength. However, for large size scatterers, e. g. scattering particles of diameter 2 µm, the SMFPL l s of 2-p and 3-p illumination wavelengths may not be longer than that of 1-p illumination wavelength (Table 1) . Therefore diffraction-limited image resolution cannot be achieved unless at the focal depth close to the sample surface. Secondly, multi-photon excitation is a nonlinear process [2, 3] and therefore the fluorescence intensity is directly proportional to the square and third power of the excitation intensity, respectively, under 2-p and 3-p excitation. Due to this nonlinear dependence, multi-photon imaging techniques provide a pin-point excitation/detection method at a deep position within thick samples. This advantage of multi-photon excitation holds for all sizes of scatters, and gives improved image resolution under multiphoton excitation. The signal level as a function of the focal depth for 1-p, 2-p and 3-p fluorescence imaging through turbid media consisting of the scatterers of diameter 0.202 µm is shown in Fig. 2 . The signal level has been normalized by the fluorescence signal measured at the surface the turbid medium (i.e. d = 0). It is noticed that the signal level in 1-p fluorescence imaging does not decrease significantly as the turbid medium becomes thick. However for multi-photon fluorescence imaging, the situation is quite different. It is shown in Fig. 2 that the signal level under 2-p and 3-p excitation drops significantly when the focal depth increases. For example, the signal level under 2-p and 3-p excitation drops to 2 and 4.5 orders of magnitude lower than that of 1-p fluorescence imaging at d=200 µm. In this situation, the multi-photon fluorescence signal may be too weak to overcome a noise level from an imaging system. However according to Fig. 1 , the 3-p fluorescence light excited by ballistic photons is still dominant and a near diffraction-limited resolution can still be obtained at d=200 µm. Therefore we may draw a conclusion that 2-p and 3-p fluorescence imaging is mainly determined by ballistic photons, and that the penetration depth is limited by the signal level.
In our experiment, a piece of muscle tissue is used to demonstrate the difference in image formation under single-photon and multi-photon excitation. The prepared sample cell was placed under an Olympus confocal scanning microscope: Flouview [8] . For 1-p excitation, an Ar ion laser at wavelength 488 nm was used. A Spectra-Physics ultrashort pulsed laser: Tsunami, which has a pulse width of 80 fs, was employed for 2-p excitation at wavelength 800 nm [8] . To avoid the effect of the refractive-index mismatching between the turbid medium and the cover glass of the cell, a waterimmersion objective (Olympus UplanApo 60×, ∞/1.13-0.21, numerical aperture = 1.2, working distance = 250 µm) was used. In the case of 1-p excitation, a pinhole of 300 µm in diameter was placed in front of the detector to produce an optical sectioning effect with strength similar to that under 2-p excitation without using pinhole [2, 9]. Figs. 3 and 4 show the transverse (x-y) and axial (x-z) autofluorescence images of malignant lung tissue under 2-p (λ 2 = 800 nm) and 1-p (λ 1 = 488 nm) excitation. The image intensity has been normalized by the maximum intensity at the surface of the sample. The muscle tissue has an average 1-p SMFP length of approximately 30 µm [10] . The 2-p transverse images (Figs. 3a, 3b, 3c and 3d ) were recorded at depths of 10, 30, 50, 70 µm, showing a higher resolution but becoming significantly weaker at a deep depth than the 1-p images (Figs. 3e, 3f, 3g and 3h) . It can be seen from the axial images (Fig. 4) that although the degradation of resolution is not pronounced, the 2-p fluorescence signal (Fig. 4a) decreases faster than the 2-p fluorescence signal (Fig. 4b) [11] . 
Image reconstruction
It has been demonstrated in the previous section that the signal loss due to strong scattered in multi-photon fluorescence microscopy is far more serious than that in single-photon fluorescence microscopy. Here we propose a novel method for microscopic imaging through turbid media, which allows the collection of scattered photons as well as ballistic and least scattered photons to ensure strong signal strength, and the restoration of image resolution is performed through mathematical image reconstruction.
The difficulty of an effective image reconstruction method arises from the fact that mathematical deconvolution requires an accurate knowledge of a point spread function (PSF). If an object is not embedded in a highly scattering medium, a PSF can usually be derived from the set up of an imaging system or be measured by the image of a point object.
However if an object is embedded in a highly scattering medium, situation becomes more complicated due to the fact that the surrounding medium plays an important role in image formation. Therefore a PSF without considering surrounding media is an inaccurate measure of image formation and causes considerable distortion in image reconstruction. Our new reconstruction method is based on the recently proposed concept of the effective point spread function (EPSF) [6] . The significance of the EPSF is that it enables us to separate the information of an object from a surrounding turbid medium and an imaging system. Due to the fact that it is impossible to measure the EPSF, the derivation of the EPSF has to rely on mathematical simulation. The EPSF proposed is based on the Monte Carlo simulation method and the detail of the derivation has been reported elsewhere [7] .
Based on the concept of the EPSF, the image intensity I(r) of a thin object can be modelled by the convolution of an object function o(r) and the EPSF h(r) [6] :
where § 2 denotes the two-dimensional convolution process, and r =(x, y) is the transverse coordinate. 10,000,000 illumination photons have been used in the Monte Carlo simulation to ensure the accuracy of an EPSF for a reflectionmode scanning optical microscope. We also assume that the excitation and fluorescence wavelengths are respectively 488 and 510 nm. We assume that the turbid medium consists of polystyrene beads of diameter 0.202 µm at a given particle weight concentration of 2.5%. According to Mie scattering theory, the corresponding scattering mean free path lengths are 25.7 and 28.3 µm, and anisotropic values are 0.87 and 0.86, respectively, for excitation and fluorescence wavelengths. The numerical aperture (NA) of the microscope object is assumed to be 0.5 in the simulation, and no confocal pinhole is used to allow the maximum collection of photons. In our earlier research [6] , we have demonstrated that the image can be expressed as the convolution of the EPSF and an object function (see Eq. 1) and we have also shown that the discrepancy of such a method from the direct simulation method is unnoticeable. Therefore with the understanding of the EPSF, resolution loss can be recovered through a deconvolution process. The simulated images of a thin ring of outer radius 50 µm and inner radius 30 µm at different depths in the turbid medium is illustrated in Fig. 5 . The reason for choosing such an object is that it emulates biological cells. It is shown that the image becomes blurred with increasing depth into the scattering medium and that the ring
structure totally disappears beyond the depth of 150 µm. In order to improve the image resolution, one way is to apply some optical gating techniques to remove scattered photons. However, it would always be a problem in retaining signal strength if a significant amount of scattered photons is removed. In this paper, we use the expectation-maximization (EM) algorithm for maximum-likelihood (ML) image restoration [12] . The deconvolved images after different numbers of iterations is shown in Fig. 4 . Here we use the image at d=200 µm depth as an example. Before the deconvolution process, the image is blurred and ring structure is totally washed out by the blurring effect. It is shown that the image resolution loss due to multiple scattering can be partially recovered through the image reconstruction process. After 200 iterations, the ring structure starts to re-emerge; however the ring structure is still quite blurred. With more iterations, blurring on the ring structure becomes less significant. It is noted that the images after 1000 and 2000 iterations are very similar in terms of sharpness of the image, which indicates that the rate of convergence becomes significantly small and that the image will not be further improved through more iterations. It is demonstrated in Fig. 6 that although image resolution is poor under 1-p excitation, it can be much improved through image reconstruction process. The strong signal strength in 1-p fluorescence imaging gives a significant advantage over multi-photon fluorescence imaging.
